Myeloperoxidase, H202, and a halide (chloride, bromide, or iodide) form a potent microbicidal system that contributes to the antimicrobial activity of neutrophils. The mechanism of toxicity is not completely understood. Powerful oxidants are formed that presumably attack the microbe at a variety of sites. Among the consequences of this attack is the release of a large proportion of 59Fe of prelabeled organisms. We report here that the myeloperoxidase-H202-halide system oxidizes the iron-sulfur centers of model compounds (spinach ferredoxin) and intact microorganisms (Escherichia coli) with the loss of labile sulfide. The oxidation of the iron-sulfur centers of ferredoxin was measured by the fall in absorbance at 420 nni (bleaching) and by the loss of 5,5'-dithiobis-(2-nitrobenzoic acid) reducing activity. The latter compound is a sulfhydryl reagent that is reduced by ferredoxin labile sulfide during denaturation. The oxidation of E. coli iron-sulfur centers by the peroxidase system was determined by the loss of labile sulfide content, as measured by the release of H2S by acid and its reaction with zinc acetate to form ZnS. The halides were effective as components of the peroxidase system in the order I > Br > Cl. The oxidation of E. coli iron-sulfur centers by the peroxidase system was rapid and preceded the loss of viability. Gentamicin, at a concentration which produced a loss of viability comparable to that of the peroxidase system, did not cause a loss of labile sulfide from E. coli, suggesting that labile sulfide loss is not a nonspecffic reflection of the loss of viability, but a direct consequence of the action of the myeloperoxidase system. The oxidation of iron-sulfur centers in microorganisms by the myeloperoxidase-H202-halide system may contribute to the death of the organism.
An antimicrobial system has been described in neutrophils which consists of myeloperoxidase, H202, and a halide (13, 14, 23, 27) . The myeloperoxidase is released into the phagosome from cytoplasmic granules by degranulation, H202 is generated by a respiratory burst induced by plasma membrane perturbation, and chloride, bromide, or iodide can serve as the halide requirement. The interaction of these components in the phagosome generates toxic products, most important of which, at least for chloride, appears to be the hypohalous acid (2, 3, 10) , which attacks the ingested organism. Two modes of attack have been proposed: halogenation and oxidation. The precise microbicidal mechanism, however, has not been defined.
Previous studies in this laboratory (22) have indicated that, in the presence of chelating agents, the microbicidal activity of the myeloperoxidase-H202-chloride (or bromide) system is associated with a major loss of iron into the medium, as measured by the release of 59Fe from prelabeled organisms. Iron loss was not observed with iodide as the halide. The protein-bound iron of cells has been divided into heme iron and nonheme iron proteins, of which iron-sulfur proteins are a major constituent. Cytochrome c was employed as a model heme iron protein, and its exposure to the peroxidase system was shown to result in the release of iron. As with microbicidal activity, iron release from cytochrome c was observed with chloride and bromide, but not with iodide, as the halide. The studies reported here indicate that the myeloperoxidase-H202-halide system can oxidize the iron-sulfur centers of model compounds such as spinach ferredoxin and intact microorganisms such as Escherichia coli and suggest that this may be one of the mechanisms by which microorganisms are killed. * Corresponding author.
MATERIALS AND METHODS
Special reagents. Myeloperoxidase was prepared from canine pyometrial pus by the method of Agner (1) to the end of step 6 and assayed by the o-dianisidine method (26) . One 100-fold into medium B, a low-sulfate modification of the medium A previously described (7, 22) . Medium B contained 7 g of K2HPO4, 3 g of KH2PO4, 0.5 g of sodium citrate * 2H20, 0.1 g of MgSO4 * 7H20, 1.16 g of (NH4)2CO3 * H20, and 1 g of sodium succinate per liter. The sulfate concentration was 0.4 mM (calculated), and the iron concentration was 3.0 ± 0.3 ,iM (n = 3) by colorimetric assay (21) . Small volumes (5 to 15 ml) of organisms were grown aerobically in tissue culture flasks as previously described (22) . Larger volumes (up (16) with human serum albumin as the standard, and microbial viability was determined as CFU by the pour plate method-as previously described (20) .
Ferredoxin bleaching. The components indicated in the legend to Fig. 1 , except ferredoxin, glucose oxidase, and myeloperoxidase, were preincubated in plastic tubes for at least 5 min at 37°C. The reaction was initiated by the sequential addition of spinach ferredoxin (0.08 ml), myeloperoxidase (0.01 ml), and glucose oxidase (0.02 ml), all at 0°C. Components were mixed and promptly transferred to a spectrophotometer cuvette maintained at 37°C, and absorbance at 420 nm was monitored continuously for 5 min. The results are expressed as the maximum rate of bleaching in absorbance units per minute.
Reduction of DTNB by spinach ferredoxin. Spinach ferredoxin was incubated for 15 min at 37°C with the components of the myeloperoxidase system indicated in the legend to Table 1 . Excess hypochlorous acid, formed by the myeloperoxidase system, was neutralized by the addition of 0.1 ml of 10-3 M sodium nitrite. This was followed by the addition of 0.8% sodium dodecyl sulfate, 10-4 M DTNB, 10-2 M EDTA, and 6.7 x 10-2 M Tris-hydrochloride buffer pH 8.0 to give a final volume of 3.0 ml. After 60 min at 37°C, absorbance was determined at 412 nm against a blank consisting of a comparably treated reaction mixture containing 1.0 ml of acetate-buffered sodium sulfate. DTNB reduction was calculated by using an extinction coefficient of 13,600 M per cm for the reduction product, 5-thio-2-nitrobenzoic acid (8) .
Labile sulfide measurement-radioisotope method. E. coli organisms were grown in medium B supplemented with sufficient [35S]sulfate to produce 20,000 to 100,000 cpm/ml of final incubation mixture. Organisms were incubated with the components of the antimicrobial systems described in the legends to the figures and tables, and the labile sulfide content of the organisms was then determined by a modification of the method of Clegg and Garland (6). Duplicate 1-ml samples were transferred to the main compartment of 7-ml Warburg flasks, and strips of filter paper, previously alkalinized in 0.1 M NaOH and dried, were placed in the center wells and moistened with 10 RI of 5% sodium (6, 19) . Briefly, filter papers were transferred to 12-by 75-mm plastic tubes and sealed with a rubber serum stopper. A 1-ml sample of N,N'-dimethyl-p-phenylenediamine (0.1 mg/ml) in 1.5% H2SO4 was injected through the stopper, and the contents of the tube were mixed briefly on a Vortex mixer. After 1 min, the tube was again mixed, and 0.2 ml of ferric ammonium sulfate (20 mg/ml) in 1.5% H2SO4 was added by injection. The blue color was allowed to develop for at least 5 min. The samples were clarified as necessary by brief centrifugation, and the optical density at 670 nm was determined in a Cary M-15 spectrophotometer. The values were compared with a standard curve determined with Na2S (0 to 100 nmnol/ml) processed in the same way.
Nonheme iron. Nonheme iron was extracted by the method of Kurup and Brodie (15) from E. coli grown for 6 h in medium B. To a suspension of 1010 E. coli cells in 0.15 ml of 0.1 M Na2SO4 was added 0.15 ml of freshly dissolved 0.2% sodium dithionite and 0.3 ml 10% (wt/vol) trichloroacetic acid. After 10 min at room temperature, samples were centrifuged at 8,700 x g for 4 min. Iron was estimated by a modification of method A of Brumby and Massey (5). To 0.4 ml of the extracts were added 0. chloroplasts, was used to investigate the susceptibility of iron-sulfur centers to oxidation by the myeloperoxidase-H202-halide antimicrobial system. This ferredoxin has a broad absorbance maximum at 420 nm that reflects the integrity of the iron-sulfur center. "Spontaneous" oxidation in buffer accounted for a low background bleaching rate of -0.0005 absorbance units per min (data not shown), which increased to -0.0028 absorbance units per min upon the addition of myeloperoxidase glucose and glucose oxidase ( Fig. 1; no halide) . Bleaching was considerably increased by the complete myeloperoxidase-glucose-glucose oxidase-halide system, with bleaching rates of up to -0.0382 absorbance units per min observed. Chloride was effective as the halide component at concentrations of 10-2 to 10-1 M, bromide was effective at 10-4 to 10-1 M, and iodide was effective at 10-4 to 10-2 M. With bromide, optimum bleaching occurred at a concentration of 10-3 M, with a fall in rate at higher concentrations. In general, the relative potency of the halides in supporting ferredoxin bleaching was --Br-> C1-.
Another measure of the integrity of the ferredoxin-labile sulfide center is its ability, during denaturation, to reduce the sulfhydryl reagent DTNB, as measured by the increase in absorbance at 412 nm (9, 17) . Under the conditions employed in Table 1 , 3.6 nmol of spinach ferredoxin incubated in buffer alone (control) reduced 6.0 nmol of DTNB (theoretical value, 7.2 nmol). No DTNB reduction was detected after incubation of ferredoxin with the complete myeloperoxidase system, suggesting that all of the ferredoxin-labile sulfide had been oxidized. Omission of H202 from the system prevented labile sulfide oxidation, whereas when myeloperoxidase or chloride were omitted, labile sulfide oxidation was significantly decreased, but not abolished.
Oxidation of iron-sulfur centers of E. coli. The total nonheme iron content of E. coli was 4.7 ± 0.5 nmol/mg of protein or 2.0 nmol/109 organisms (n = 3), and the total labile sulfide content was 2.9 ± 0.7 nmol/mg of protein or 1.2 nmol/109 organisms (n = 4). Assuming the typically observed 1:1 stoichiometry between labile sulfide and iron in microbial iron-sulfur centers, this suggests that 62% of nonheme iron was in iron-sulfur centers.
Incubation of E. coli with the myeloperoxidase-H202-chloride system in the presence of EDTA under the conditions employed in Table 2 decreased the labile sulfide content of the organisms from 0.76% of the total microbial sulfur to 0.09%, a decrease of 89%. Deletion of any of the components of myeloperoxidase-H202-chloride system prevented this fall. EDTA deletion, however, increased labile sulfide recovery only slightly, i.e., from 0.09 to 0.14% (P < 0.05). Since EDTA was not required for the labile sulfide oxidation or for microbicidal activity of the peroxidase system, it was omitted from subsequent experiments unless otherwise indicated. Figure 2 demonstrates the effect of the substitution of iodide or bromide for chloride on the oxidation of E. coli labile sulfide by the peroxidase system. Iodide was the most effective halide on a molar basis, with significant oxidizing activity observed at concentrations ranging from 10-6 to 10-4 M. Bromide was effective over a concentration range of 10-4 to 10-1 M, and chloride was effective between 10-2 and 10-1 M.
The rate of labile sulfide oxidation by the peroxidase system was very rapid under the conditions employed in Table 2 ; the labile sulfide content fell from 0.90 ± 0.08% of total sulfur (n = 10) to 0.11 + 0.02% (n = 5) during the first minute of incubation and remained constant thereafter.
Microbicidal activity also was extremely rapid under these conditions (22) . In Fig. 3 , the E. coli concentration was increased 10-fold, reagent H202 was replaced by a glucoseglucose oxidase system that generated H202 continuously at a rate of 8.6 + 0.9 ,uM/min (n = 3), and 0.005% gelatin was added. Labile sulfide oxidation and microbicidal activity were sufficiently attenuated under these conditions to allow a comparison of initial rates. Both labile sulfide levels and microbial viability fell rapidly on exposure of the organisms to the complete myeloperoxidase system under these conditions (Fig. 3) . In the absence of myeloperoxidase, both labile sulfide oxidation and loss of viability induced by enzymegenerated H202 were comparable to control values seen in reactions in which both myeloperoxidase and glucose oxidase were omitted. The studies described above were performed at pH 5.0. At pH 7.0, the initial rate of labile sulfide oxidation by the myeloperoxidase system was greater than that of microbicidal activity (Fig. 4) . system to that of gentamicin on E. coli at pH 7.0. When the two microbicidal systems were added at levels that produced a comparable loss of viability, the myeloperoxidase system caused a rapid oxidation of labile sulfide, whereas the labile sulfide levels of gentamicin-treated bacteria were not significantly different from the control organisms. In experiments not shown, the addition of glucose-glucose oxidase to gentamicin-treated bacteria did not increase the oxidation of labile sulfide. DISCUSSION E. coli exposed to the myeloperoxidase-H202-halide system can lose in excess of 70% of their total microbial iron (22) . Since heme iron only accounts for a few percent of microbial iron (4), it follows that the bulk of the released iron originates from nonheme sources. Of the nonheme iron in our preparations, approximately 62% could be accounted for by iron-sulfur centers, suggesting that these centers were a major source of the iron released by the peroxidase-H202-halide system. This is supported by the studies reported here.
Clostridial and spinach ferredoxin are iron-sulfur proteins that were previously shown to be rapidly oxidized by hypochlorous acid (3), the primary product of the myeloperoxidase-H202-chloride system (2, 3, 10) . The oxidation of the iron-sulfur center of spinach ferredoxin by the products of the peroxidase system was confirmed here by using myeloperoxidase, H202, and a halide to generate the oxidant. The evidence for iron-sulfur center oxidation is as follows. (i) Spinach ferredoxin is bleached by the peroxidase system as measured by a fall in absorbance at 420 nm, suggesting an attack on the chromophoric iron-sulfur center.
(ii) DTNB, a colorless disulfide compound (Ellman reagent) is reduced to a colored sulfhydryl derivative by the labile sulfide of iron-sulfur proteins during denaturation (9, 17) . Exposure of spinach ferredoxin to the myeloperoxidase system prevented DTNB reduction, suggesting prior disruption of the iron-sulfur center of ferredoxin by the peroxidase system. Oxidation of the iron-sulfur center of ferredoxin required each component of the myeloperoxidase-H202-halide system, and the relative potency of the halides was I-2 Br-> Cl-. It is of interest that with bromide as the halide, ferredoxin bleaching was maximum at 45 ,ug/ml. studies, the bactericidal activity of the myeloperoxidase-H202-halide system also fell at high bromide concentrations (12) .
Intact E. coli organisms also reduce DTNB in the presence of sodium dodecyl sulfate (24, 25) ; this reducing capacity was shown to be lost along with microbial viability when the organisms were incubated with myeloperoxidase, H202, and chloride (24) . Since DTNB reacts with sulfhydryl groups (8) , this was attributed to the oxidation of organism sulfhydryls by the peroxidase system (24) . However, as shown in our studies with spinach ferredoxin, DTNB also reacts under these denaturing conditions with iron-sulfur centers, making it likely that oxidation of microbial iron sulfur centers contributed to the observed effects. This was supported by our measurements of labile sulfide levels. Iron-sulfur centers are characterized by the lability of the sulfur to acid. The hydrogen sulfide released can be trapped as zinc sulfide and measured either chemically or by radioactivity when organisms are prelabeled by growth in [35S]sulfate. The labile sulfide content of E. coli fell rapidly on exposure of the organisms to the peroxidase-H202-halide system. The microbicidal activity of gentamicin was not associated with loss of labile sulfide, even when gentamicinkilled organisms were exposed to H202. Thus labile sulfide loss does not appear to be a simple consequence of the degeneration of dead bacteria, but is a more direct reflection of myeloperoxidase-mediated oxidant damage.
The characteristics of myeloperoxidase-mediated labile sulfide oxidation differed in some respects from those of myeloperoxidase-mediated iron loss. Thus EDTA was required for optimum iron loss (22) , whereas its deletion from the peroxidase system had little effect on microbial labile sulfide oxidation. This presumably reflects a requirement for EDTA for iron solubilization rather than for the action of the peroxidase system (22) . With labile sulfide oxidation by the myeloperoxidase system, the effectiveness of the halides on a molar basis was in the order I-> Br-> Cl-. Iodide, however, when combined with myeloperoxidase and H202 did not cause iron loss from E. coli or alter the spectral characteristics of cytochrome c, under conditions in which bromide or chloride was effective. Thus iodide-derived oxidants appear to oxidize microbial iron-sulfur centers without the release of iron into the medium. The reason for this discrepancy is unknown. Iodide-derived oxidants may damage iron-sulfur centers to the point where they are catalytically inactive, but still retain their iron. Alternatively ironsulfur centers may be fully disrupted; however the chelator required for solubilization of the iron may not be able to reach the site or transfer the iron to the medium where it can be measured. Labile sulfide oxidation is a rapid event that is evident within the first minute of incubation under conditions in which microbial iron loss exhibits a lag of several minutes. Myeloperoxidase-mediated microbicidal activity correlates more closely with labile sulfide oxidation than with iron loss; microbicidal activity is rapid, does not require EDTA, and occurs with iodide (as well as bromide or chloride) as the halide.
The oxidation of halides by the myeloperoxidase-mediated antimicrobial system produces powerful oxidants that can attack the cell in a variety of ways. The studies reported here suggest that among the targets are iron-sulfur centers, which are constituents of the electron transport chain present in the cytoplasmic membrane. An attack on catalytic iron centers would be expected to have profound effects on microbial metabolism. Disruption of active transport of low-molecular-weight metabolites across the cytoplasmic membrane would be expected; indeed, the peroxidase system has been reported to inhibit such transport (14) .
